The production process of voiceless stop consonants was represented by a non-stationary autoregressive moving-average (ARMA) process, and the trajectories of poles and zeros from the noise burst to the following vowel were extracted from Japanese utterances of CV syllables containing voiceless stop consonants /p/, /t/, and /k/, using the SEARMA method. In order to clarify the relationship between the extracted parameters and the cues for perception of voiceless stop consonants, perceptual tests were conducted using synthetic CV syllables generated under various control conditions for these parameters. The relationship between the perceptual cues of voiceless stops and the acoustical parameters (i.e., the spectra and the duration of the consonantal noise, the orders of the model, the vocalic transition) were revealed.
INTRODUCTION
Acoustic characteristics of voiceless stops and their relation to the perception of speech have investigated by a number of research groups. Early investigations of the perception of stops have been done by using synthetic stimuli based on the pattern playback technique at Haskins Laboratories. [1] [2] [3] According to these investigations,1,2) the center frequency of the burst of noise and the transitions of the vowel formant are closely related to the perception of voiceless stops. It was also indicated that a specific range of center frequencies of the burst of noise creates different identification of the consonant in relation to the following vowels. This phenomenon was interpreted as the perception of these stimuli (i.e., /p/ and /k/) requires the consonant vowel (CV) combination as a minimal acoustic unit.
Data from acoustic measurements4-13) have lead to several findings concerning the way in which these acoustic parameters provide the cues for the place of articulation.
All of investigators have recognized that the spectrum at release burst provides the primary cue for the place of articulation of voiceless stops. Stevens and Blumstein9, 11, 14) have argued that the invariant acoustic parameters for the place can be found in the overall gloss shape of the spectrum at release burst. Examinations of the running spectral displays obtained by the spectrographic analysis4,6,7) and by the linear prediction (LPC) analysis12, 13, 15) revealed that time varying features of spectrum (i.e., the second-and thirdformant trajectories, and gross features within specified frequency ranges) provide an important cue for the place of stop consonant articulation. As Stevens and Blumstein9) have pointed out, although the various acoustic parameters associated with different place of articulation are separately observable on a spectrographic representation, the auditory system does not necessary process these parameters independently of one another.
On the other hand, there is a well known method of measuring the perceptual effects of coarticulation or the roles of several acoustic segments. This method16-19) is to delete the consonant burst or varying portions of the vocalic transition from an utterance, and to see how well the deleted consonant can still be identified. Several experiments17-19) based on the method, in which a CV syllable was segmented in three acoustic portions (i.e., the consonantal noise, the vocalic transition, and the steady-state portion of the vowel), pointed out that the vocalic transition do not provide good cue for the perception of voiceless stops. Especially, LaRiviere et al18) concluded that the vocalic transition is neither a sufficient nor necessary cue for the voiceless stop perception.
As seen from several experiments using deleted stimuli from natural utterances, important cues for the voiceless stop perception are present in the segment of noise from the burst to the onset of glottal excitation rather than the vocalic transitions. In order to examine the contributing role of each acoustic segment for the perception of voiceless stops, a precise extraction of acoustic characteristics of the segments is required, such as the noise (i.e., the portion of the signal from the release of the burst to the onset of glottal excitation), the vocalic transition (i.e., the portion of the signal from the onset of periodicity to the steady-state portion of the vowel), and the steady-state portion of the vowel. We assume that the following acoustic parameters influence the perception of voiceless stops:
(1) Acoustic characteristics at the release burst, (a) Spectral shape (poles and zeros), (b) Amplitude, (2) Acoustic characteristics as a function of time of the noise (burst plus aspiration), (a) Duration, (b) Transition pattern of spectrum (spectral shape and it's amplitude), (3) Acoustic characteristics as a function of time of the vocalic transition, (a) Duration, (b) Transition pattern of spectrum, (4) Acoustic characteristics of the vowel, (a) Duration, (b) Spectrum. The acoustic parameters above mentioned contribute in the perception of natural speech of CV syllables, and support the full information to synthesis of voiceless stops. Due to a lack of acoustic data on the production of voiceless stops, synthetic stimuli used in early perceptual tests were oversimplified for determining the separate contributions of various acoustic parameters for the stop perception. One or more of these acoustic parameters are somewhat unnatural, to compensate for this, the other acoustic parameters may be emphasized artificially. It is apprehended that the results of perceptual tests using these artificial stimuli do not clarify the separate contribution for the perception of speech of several acoustic parameters.
In order to examine the separate contribution of acoustic parameters (1)- (4) in the stop perception, we need a method for an accurate extraction of temporal variations of the acoustic characteristics of voiceless stops. A method for synthesis which can control these acoustic parameters exactly is also required. In the present paper, we adopt a polezero model for the production of voiceless stops and extract the trajectories of poles and zeros from the noise burst to the following vowel for Japanese utterances of CV syllables. The purpose of this paper is to clarify the relationship between the extracted parameters and the cues for the perception of voiceless stops.
EXPERIMENTAL METHOD AND SPEECH MATERIALS
The voiceless stop consonants are produced by a complex movement of the articulators. Behind the point of closure in the vocal tract a pressure is built up and the pressure is suddenly released by an abrupt motion of the articulators. The abrupt motion of the articulator to produce these sounds results in rapid changes in the acoustic characteristics of the source and the vocal tract. Since the production process of stops has a complete closure in the vocal tract and the closure is released by opening the vocal tract, an accurate representation of the production process of these sounds is an autoregressive moving-average (ARMA) process with variable order. Namely, the process of speech production is presented by an ARMA process that converts the source signal ui into the speech signal
The order n of the AR scheme and the order m of ( The speech materials in this study were 15 Japanese stop-vowel monosyllables /p,t,k/ paired with /i,e,a,o,u/.The list of words contained each CV syllable six times was pronounced by three male adult speakers in an anechoic room. The speech sound was low-pass filtered at 4.8 kHz and then sampled at a frequency of 10 kHz. Since the important acoustic cues for the perception of voiceless stops exist in the 5 kHz frequency range from the previous investigations1-15) and the digitized natural speech has a sufficient intelligibility, the sampling rate for digitizing waveforms is sufficient for the purpose of our study. A total of 270 CV syllables were analyzed by the SEARMA method with variable order and fixed order to discuss the effect of the order of the model in the analysis and perception of voiceless stops. In order to clarify the relationship between the extracted parameters and the cues for the perception of voiceless stops, perceptual tests are conducted using synthetic CV syllables generated under various control conditions for these parameters.
ACOUSTIC CHARACTERISTICS OF VOICELESS STOPS
As is well known, the differences of the place of articulation are reflected in the differences of spectral shape of the noise burst. Namely, the closure in the vocal tract by the lips brings a primary concentration of energy in the low frequencies, the closure at the postdental position brings either a flat spectrum Figure 2 illustrates the extraction of temporal changes of spectrum for /ti/.
The trajectories of poles and zeros of the noise and the vocalic transition can be extracted with high accuracy. We can segment a CV syllable into the three segments using the waveform and the estimated running spectra. The first frame effectively displays the spectrum of the release burst. The second and third frames display the spectra of the aspirated or mixed aspirated and fricative sound intervals. The segment of noise is the acoustic portion from the first frame to the third frame, which has about 20 ms duration. The voice onset is in the acoustic portion between the third and fourth frame. The segment of vocalic transition is the acoustic portion from the fourth frame to the eighth frame, which has about 26 ms duration.
The steady-state segment of the vowel is the acoustic portion after the eighth frame. 
SYNTHESIS OF VOICELESS STOPS
In order to clarify the relationship between the extracted parameters and the cues in the perception of voiceless stops, we prepared several series of synthetic CV syllables /p, t, k/ paired with /i, a, u/.
The parameters required for the speech synthesis are the ARMA parameters and the source parameters. The source signal is a white noise for the The quantization level is 8 bits for pole frequency and 7 bits for its bandwidth, and 7 bits for zero frequency and 6 bits for its bandwidth.
Quantized poles and zeros are transformed into the ARMA parameters to control the digital filter with ARMA parameters. The digital filter is equivalent to the terminal analog type digital filter with poles and zeros. The fundamental frequency is a constant value of 125 Hz for all of the following vowels. Figure 3 shows the definition of parameters for the duration of each of the three segments in the synthetic CV syllable (i.e., Tn is the duration of the noise, Tt is the duration of the vocalic transition, and Tv is the duration of the steady-state portion of the following vowel). Tn is the measured value from natural speech, and is different among each of /p/, /t/ and /k/.
From the mean value of duration of vocalic transition, T set to a constant value of 24 ms or 0 ms corresponds to the purpose of identification tests. A total length of duration (i.e., Tn+Tt+Tv) is set to a constant value of 280 ms for all stimuli. The ARMA parameters for the noise 
Stimuli I
In order to examine the contributing role of the vocalic transition, zeros of the noise spectrum and the orders of the model in the perception of voiceless stops, we prepared five series of synthetic stimuli with different synthesis conditions. Table 1 shows synthesis conditions of stimuli for identification tests. The noise and the vocalic transition in CV syllable are synthesized by the filter with estimated orders in the conditions 1-3, and are synthesized by the filter with fixed orders in the conditions 4(i.e., n=3 and m = 2) and 5 (i.e., n=5 and m = 2),which were determined by the estimated orders. 
Stimuli II
When the spectral shapes of noise bursts are simi- Table 1 Synthesis conditions of stimuli I for identification tests. lar such as /ti/ and /ki/, as shown in Fig. 1 , we hypothesize that the other important cue that makes it possible to identify the bursts as different stops, reside in the duration of the noise. In order to test the hypothesis, we prepared the following stimuli. The duration of the noise for each stimulus in the continuum was manipulated to generate a series of 15 stimuli with different duration of the noise by 2 ms steps from 8 ms to 36 ms. We prepared two kinds of the spectral parameters of the noise burst estimated from /ti/ (condition 6) and /pi/ (condition 7), where these parameters are constant within the noise interval and the vocalic transition does not exist, as shown in Table 2 .
PERCEPTUAL TESTS
One series of stimuli I contains 15 synthetic CV syllables from /p, t, k/ and one following vowel in /i, a, u/. The stimuli on one test tape were included each stimulus ten times and randomized, giving 150 stimuli. We added five stimuli both before and after one series of stimuli, but set no scores on these stimuli in the test. We prepared a total of 17 test tapes (Stimuli I : 15 test tapes of the 5 synthesis conditions for each of the following vowels, Stimuli II : 2 test tapes of the different noise spectra) for the perceptual tests.
The subjects were 5 Japanese college students with normal hearing. They listened to the stimuli with headphones in an anechoic room. The subjects responded to each stimulus by writing one of /p/, /t/, and /k/.
The subjects were given 4 seconds to make each decision.
Results for Stimuli I
The overall results are summarized in Fig. 4 , wherein the scores in the various conditions are pooled over subjects and vowels. The condition 1 (i.e., stimuli with estimated orders for the noise spectrum and the vocalic transition) yields the highest correct identification scores in the conditions 1-5. A slight decrease of the scores caused by the deletion of the vocalic transition and the deletion of zeros in the noise spectrum are recognized. The scores for the stimuli with fixed orders are inferior to those for the stimuli with estimated orders. The amount of contribution of the vocalic transition for the perception of voiceless stops corresponds to the difference of the scores between the condition 1 and condition 2, and is about 7%. The amount of contribution of zeros in the noise spectrum for the perception corresponds to the difference of the scores between the condition 1 and condition 3, and is about 2%. The effect of order estimation in the perception is obvious from the differences of the scores among the condition 1, condition 4, and condition 5. The decrease of the score caused by the deletion of the vocalic transition is smaller than that caused by the simplification of the noise spectrum due to the fixed orders of the model. Therefore, the most important cue for the perception of voiceless stops is the spectral shape, as pointed out by many investigators. The score for /k/ is extremely high compared with that for another consonants independently of the conditions. Therefore, it is obvious that the vocalic transition is redundant cue for /k/. enon owes to the fact that /a/ has relatively long duration of the vocalic transition compared with the duration of the noise. The overall difference of the scores between condition 4 and condition 5 is small (2%), but the differences among vowels /i/, /a/, and /u/ for each of conditions 4-5 is relatively large (i.e., 8% for between /i/ and /a/, 6% for between /i/ and /u/). These results reveal that the effects of the simplification of the noise spectra and the vocalic transition in the perception of the voiceless stops depend on the class of stops and following vowels.
Results for Stimuli II
This test shows to how the perception varies according to the duration of the noise. Figure 6 shows the result for the condition 6 (i.e., the spectral parameters of the noise are obtained from /ti).
As can be shown Fig. 6 , the boundary of the judgment between /t/ and /k/ is Tn = 28 ms. Figure 7 shows the result for the condition 7 (i.e., the spectral parameters of the noise are obtained from /pi/).
The identification for /p/ is dominant, when the duration of the noise is short. As a result of extension of the duraion, the identification scores change from same scores for /p/, /t/, and /k/ to the increase of the score for /k/.
These results support an evidence of the hypothesis that the duration of the noise is a primary cue of the perception, when the spectral shapes of the noise bursts are similar, described in Section 4.2. Table  2 . Table  2 .
CONCLUSIONS
The trajectories of poles and zeros from the noise burst to the following vowel were extracted from the utterances of Japanese CV syllables, using the SEARMA method. The relationship between the extracted parameters and the cues for the perception of voiceless stops were examined by the several perceptual tests. The results of these experiments are summarized as follows : (1) The primary cue for the perception of voiceless stops is the spectral shape of the noise burst, which can be represented by the overall slope, the center frequency and its band-width. The contribution of the vocalic transition in the voiceless stop perception depends on the class of stops. In fact, the vocalic transition is redundant for /k/.
The zeros in the noise spectrum contribute to the increase of correct identification scores. (2) The duration of the noise is the important cue for the voiceless stop perception, especially, when the spectral shapes of noise burst are similar each other.
When the primary acoustic cue for the perception of voiceless stops is somewhat unnatural, in general, a sedondary cue supports as an important cue that makes it possible to identify the bursts as different stops in the limited contextual environments. The simplification or the reduction of spectral information of the speech segments reduces the consistency of the perceptual judgments among subjects.
Based on the results of the study and the preceding discussion, the problem of the differences between sex and age of the speakers in the acoustic cues of voiceless stop perception remain in the study. Especially, the differences between the adult and child speakers are interesting problem and may depend on differences of vocal-tract size. To discuss the problem, since SEARMA method can estimate the order of the ARMA model, our developed technique can apply directly. Furthermore, the technique supports a basic tool to clarify the relationship between the acoustic parameters and the perceptual cues in the various consonants produced by a complex manner of articulation, such as stops, nasals, and liquids.
